Background: Although propofol is a common hypnotic in laboratory pigs, its acute effects on cardiovascular function have not been investigated in this species. Therefore, the short-term cardiovascular effects of intravenous propofol bolus injection were observed using vascular ultrasonography and pulse contour-derived cardiac output (PiCCO) thermodilution monitoring.
Introduction
The short-acting hypnotic agent propofol (2,6-diisopropylphenol) , which is commonly used in small-animal veterinary medicine for induction of anesthesia and maintenance of hypnosis, eg, in total intravenous anesthesia, is also used in experimental medicine in pigs. Induction and maintenance of anesthesia can be conducted with propofol. Anesthesia with propofol is easy to control because of its fast metabolism and minimal cumulative effects. [1] [2] [3] [4] [5] However, propofol has no analgesic properties. Consequently, surgical procedures should only be carried out when propofol is combined with an analgesic. Known side effects of propofol causing hypotension are vasodilatation and a negative inotropic effect on the heart. In humans, propofol administration results in a reduction of the cardiac index and mean arterial pressure (MAP). 6 This hypotension can be intensified when an opioid analgesic (eg, fentanyl) is given in combination with propofol.
Bolus injections of propofol are often used to prolong or deepen anesthesia. The direct short-term effects of a propofol bolus injection on the cardiovascular system have already been investigated in rabbits 7 based on cardiovascular ultrasound techniques. In the study reported here, advanced methods like pulse-contour cardiac output (PiCCO), which is commonly used in human intensive medicine, are used to verify the short-term cardiovascular effects (especially regarding the cardiac output and volumetric variables for preload and afterload) of propofol in pigs.
PiCCO combines two methods to evaluate hemodynamic parameters: a discontinuous method that is based on transcardiopulmonary thermodilution and a continuous method based on pulse-contour analysis. The thermodilution method uses an indicator, a defined volume of cold saline solution, which is administered in a central blood vessel, namely the jugular vein. Its concentration is measured downstream distally (eg, in the femoral artery) after passing the right heart side, the lungs, and the left heart side, and is finally recorded as a function of time -the thermodilution curve. In 1897, Stewart described for the first time the possibility of measuring blood flow via dilution of an indicator. 8 Because of blood circulation, there is recirculation of the indicator, which causes imprecision in measuring. Hamilton found a solution for this problem in 1932 in creating the mono-exponential extrapolation of the dilution curve. Therefore, today the equation is called the Stewart-Hamilton equation. 8 In 1930, Otto Frank created a method called pulse-contour analysis to measure the cardiac output (CO) of the heart based on his studies about wave mechanics and the air-chamber theory in 1899. Pulse-contour analysis is an indirect method based on the assumption that the curve of the arterial pressure and its trend resemble the devolution of blood flow. 8 Via the modified Cz-analysis of Wesseling, 9 the pulse contour is analyzed and the CO can be calculated. However, in contrast to the thermodilution technique, the pulse-contour analysis can be highly affected by hemodynamic instability. [9] [10] [11] Using the PiCCO technique the following hemodynamic parameters can be measured: CO, stroke volume (SV), heart rate (HR), SV variation (SVV), global end-diastolic volume index (GEDI), extravascular lung water index, systemic vascular resistance index (SVRI), maximum velocity of pressure rise in the aorta (dPmax), global ejection fraction (GEF), and cardiac index of function (CFI).
Within several studies, the use of the PiCCO technique has been validated for pigs comparing transcardiopulmonary thermodilution values with the pulmonary arterial thermodilution technique, which has been the gold standard in measuring hemodynamic variables. [12] [13] [14] [15] In these studies, PiCCO and the pulmonary arterial thermodilution technique led to collection of comparable data.
The objective of this study was to evaluate the direct, short-term vascular, and hemodynamic changes of intravenous bolus injections of propofol during propofol anesthesia in pigs.
Materials and methods Animals
This study was performed with the approval of the local animal care committee and carried out in accordance with the German Animal Welfare Act (Deutsches Tierschutzgesetz, 2010). Six 3-month-old female Landrace pigs from an experimental breeding colony (Versuchsstation Thalhausen, Germany) with a mean ± standard deviation (SD) body weight of 34.7 ± 3.9 kg were used in the study.
The pigs were housed under conventional hygienic conditions and acclimatized to the new environment for a period of 7 days. The room temperature was maintained at 19°C ± 2°C with a relative humidity of 50%-60%. For enrichment, plastic balls were provided. A 12-hour/12-hour light-dark cycle was applied. Animals were offered a commercial pelleted diet (deuka Kornmast 130 gekoernt, Alleinfuttermittel für Mastschweine; Deutsche Tiernahrung Cremer, Regensburg, Germany) twice daily and received water ad libitum. Prior to anesthesia, animals were starved for 12 hours, but had free access to water.
Anesthesia
Experimental procedure was conducted between 8 am and noon. Sedation was induced by ketamine 10 mg/kg (Narketan 10; Vétoquinol, Ravensburg, Germany), azaperone 2 mg/kg (Stresnil; Janssen Animal Health, Neuss, Germany), and atropine 0.029 mg/kg (Atropin; B Braun, Melsungen, Germany) intramuscularly, mixed in one syringe. An intravenous catheter (0.9 × 25 mm, Vasofix; B Braun) was placed in the right and left lateral auricular vein. Anesthesia was induced with propofol 1.9 ± 0.7 mg/kg (1% MCT Fresenius; Fresenius Kabi Deutschland, Bad Homburg, Germany). Tracheal intubation was performed after loss of the swallowing reflex (inner diameter of endotracheal tube 7-7.5 mm) and the precise body weight of the animal was ascertained. For preemptive analgesia, metamizole submit your manuscript | www.dovepress.com 40 mg/kg (Novaminsulfon-ratiopharm 2.5; Ratiopharm, Ulm, Germany) was given once intravenously (IV). Each pig was ventilated (Cicero; Draeger Medizintechnik, Luebeck, Germany) with 40% oxygen and a breathing rate of 12-17 times per minute, while the peak ventilation pressure was 15-20 Mbar. HR and peripheral arterial oxygen saturation (SpO 2 ) were monitored by use of a pulse oximeter (8600 V; Nonin Medical, Plymouth, MN). Further end-tidal CO 2 and rectal body temperature were recorded (Cicero). Monitoring of the central venous pressure was conducted by use of a patient monitor (Datex Ohmeda S/5 type F-CM1.00 pressure transducers, Hellige type 4-327-I; Datex Ohmeda, Helsinki, Finland). Saline was infused IV at a maintenance rate of 10 mL/kg/hour. All additional fluids for PiCCO measurements were subtracted from the infusion rate to retain the general maintenance rate of 10 mL/kg/hour.
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Pigs were positioned in dorsal recumbency to conduct ultrasonographic measurements of the right common carotid artery. Anesthesia was sustained by a continuous IV infusion of propofol (13.4 ± 2.1 mL/kg/hour, 2% MCT Fresenius). A stable plane of anesthesia was maintained with this dose, indicating good muscle relaxation and hypnosis with steady cardiovascular parameters: HR, MAP, SpO 2 , end-tidal carbon dioxide (PetCO 2 ), and ultrasonographic data.
Experimental protocol
For performing the PiCCO measurements, vascular catheters were inserted into the left external jugular vein (tube/X-ray line 50-cm CH08; Unomedical, Birkerd, Denmark) and into a superficial branch of the left iliac artery (PiCCO A brachialis catheter 16-cm 4F, PVPK2014 L16-46 N; Pulsion Medical Systems, Munich, Germany). Sufficient analgesia was achieved by remifentanyl continuous-rate infusion (0.007 mg/kg/h, Ultiva 5 mg; Glaxo Smith Kline, Munich, Germany). Remifentanyl infusion was stopped after the invasive procedures were finished. A washing-out period of remifentanyl of 10 minutes minimum was adhered to before stable baseline values were recorded.
Each part of the experiment began with measurement of baseline data. Baseline measurements were determined only after a stable anesthetic plane was evident. This means that values for HR, MAP, PetCO 2 , values recorded by PiCCO, and ultrasonographic variables did not differ more than 5% from baseline values.
Three bolus injections of propofol 1% (3 mg/kg, IV) were applied at 25-minute intervals. Each bolus injection was administered over 10 seconds. Time 0 was defined as the end of each propofol injection. Vascular and hemodynamic changes were recorded after each of the three propofol bolus injections over 10 minutes (recorded time points: 15 seconds, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 minutes).
Ultrasonography of the right common carotid artery
An ultrasonographic system (Vivid 7; GE Vingmed Ultrasound, Horten, Norway) with a 10-MHz linear transducer (FLA 1-MHz 1A; GE Vingmed) was used to conduct vascular imaging of the right common carotid artery. The probe was placed on the right side of the ventral cervical region and adjusted until it showed explicit parallel vessel walls in the ultrasonic image of the common carotid artery. Then the probe was fixed in position with a clamp. Instrument settings were adjusted to delineate the vessel walls from surrounding tissues. Probe position was adjusted until distinct parallel vessel walls were visible. The Doppler sample volume was placed centrally in the vessel and the sample-volume cursor was adjusted to align with the vessel walls and blood flow. The angle between the sample-volume cursor and the ultrasound beam was measured by the ultrasound system and used to correct velocity calculations. An angle between 45° and 60° was consistently achieved between the vessel and the ultrasound beam. Once the sample volume was correctly positioned, Doppler studies were carried out in pulse-wave mode. Recorded velocity spectra were assessed for quality by clarity of the visual and audible signal and then stored to measure peak systolic blood-flow velocity (psBFV), minimum diastolic blood flow velocity, end-diastolic bloodflow velocity (edBFV), and average blood-flow velocity (Vave; calculated as the mean of all frequencies occurring above and below baseline from the velocity spectrum). From these, the average volumetric flow (VFave) was derived. Furthermore, two-dimensional images of the vessel wall were assessed and stored to measure the luminal diameter between the V means mean flow velocity leading edge of the innermost echogenic layer by cursor adjustment.
VFave in the right common carotid artery was calculated using the following equation:
, in which r is the vessel radius and Vmean is the mean velocity. 16 
PiCCO thermodilution measurements
Two methods are combined in this technique to evaluate hemodynamic parameters: a continuous method based on pulse-contour analysis and a discontinuous method based on transcardiopulmonary thermodilution.
Using the continuous method (pulse-contour analysis) the following parameters were recorded at time points 0.25, submit your manuscript | www.dovepress.com
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Acute hemodynamic effects of propofol in pigs 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 minutes after propofol bolus injection: HR, arterial blood pressure (systolic, diastolic, and MAP), CO, SVRI, SVV, dPmax, and blood temperature.
The second method -transcardiopulmonary thermodilution -uses cold saline solution as an indicator. Ten mL of cold sodium chloride was injected at 1, 2, 4, 6, 8, and 10 minutes after test bolus application of propofol into the left jugular vein via the PiCCO injection pin. The cold sodium chloride then passed the right heart, the lungs, and the left heart to finally arrive at the aorta and the femoral and iliac arteries at the thermistor probe placed in the superficial branch of the left iliac artery. CO, CFI, GEDI, extravascular lung water index, and the GEF were calculated by PiCCO using the thermodilution curve.
Consequently, there are two different methods for measuring CO via PiCCO technique included in this study: via thermodilution and via pulse-contour analysis. Compared to pressure-based methods of hemodynamic measurement, the PiCCO technique additionally provides volumetric variables. Index parameters are normalized to body surface or body weight.
CO is dependent on SV and HR. Furthermore, three different parameters affect SV: preload, afterload, and contractility. Regarding the PiCCO technique, the SVV indicates whether an increase of preload (eg, because of infusion) in a controlled ventilated patient is leading to an increase of CO or not. Another important parameter to define the preload of the heart using the PiCCO technique is the GEDI, which is the global end-diastolic volume (GEDV) normalized to body surface, indicating the effect of an infusion on the circulation. The SVRI is a parameter defining the afterload, and the parameters dPmax, GEF, and CFI define the contractility of the heart. The contractility of the left ventricle is described with dPmax. The GEF is calculated via the equation 4 × SV/GEDV. The CFI is the fraction of preload volume that is pumped by the heart in 1 minute. It is calculated by the equation CO/GEDV.
Simultaneously, during vascular ultrasound and PiCCO measurements, further clinical variables including SpO 2 , PetCO 2 as well as rectal body temperature were recorded after each propofol bolus injection.
Statistical evaluation
Descriptive statistics (mean ± SD) are reported for all data. Statistical comparisons were made for an exploratory data analysis, thus no correction of type I error was considered. All statistical tests were conducted two-sided, and a P-value less than 0.05 was considered to indicate statistical significance.
To evaluate overall time trends of interesting response variables, linear mixed regression models with monotonous (linear), transient (quadratic), and cubic time effects were fitted to the data. The linear mixed regression modeling approach properly reflects the structure of repeated data and accounts for correlation between measurements within the same subject. A first-order autoregressive correlation structure as well as random effects for each pig were considered in the regression analysis. Effects of time were first specified by graphic assessment and then verified by stepwise model derivation. When a specific effect of time was detected in the global trend analysis, a post hoc Student t-test for paired samples was used to assess differences between each time point during the 10-minute examination period and the baseline value. Furthermore, a Friedman test followed by paired Student t-tests were used to separately compare related samples given by equivalent time points after the first, second, and third bolus for the variables HR, MAP, SVRI, thermodilutional and pulse-contour CO, and SV. All statistical analyses were conducted with the commercially available software SPSS (version 19; IBM, Munich, Germany).
Results
Ultrasonography of the right common carotid artery
The data (mean ± SD) of the measurements at the right common carotid artery (CCA) after the first, second, and third propofol test bolus injections are shown in Tables 1-3 . Propofol bolus injections caused a significant and transient decrease in vessel diameter at the CCA at the 0.25-minute time point after each bolus injection (bolus 1, 9.2% decrease compared to baseline; bolus 2, 11.2% decrease compared to baseline; bolus 3, 7.5% decrease compared to baseline). Simultaneously, psBFV and edBFV significantly increased. After these acute initial changes, vascular diameter reincreased towards baseline data and edBFV and psBFV (psBFV significantly after the first and second bolus injection compared to baseline data) decreased until 10 minutes after bolus injection. VFave slightly decreased at the 0.25-minute time point after bolus injection, but not significantly and increased again continuously from 2 minutes after bolus injection. When all data were compared at equivalent time points after the first, second, and third bolus injections (see Tables 1 and 2) , there were no differences in luminal diameter (D) and VFave. Significant difference between bolus 1 and 2; b significant difference between bolus 1 and 3; **no quadratic time trend obvious by data assessment; ***no cubic time trend obvious by data assessment. Linear mixed model with individual random effects and autoregressive correlation structure, which yielded the following equation: predicted value = intercept + (time × coef 1 ) + (time² × coef 2 ) + (time³ × coef 3 ), where coef 1 = slope of predicted value per 1-minute time increment, coef 2 = additive change of predicted value in dependence on squared time (minute²), and coef 3 = additive change of predicted value in dependence on cubed time (minute³). Abbreviations: LMM, linear mixed model; D, luminal diameter; psBFV, peak systolic blood-flow velocity; edBFV, end-diastolic blood-flow velocity; VFave, average volumetric flow. Notes: Significant differences from baseline (P , 0.05) are presented in bold; **No quadratic time trend obvious by data assessment; ***no cubic time trend obvious by data assessment. Linear mixed model with individual random effects and autoregressive correlation structure, which yielded the following equation: predicted value = intercept + (time × coef 1 ) + (time² × coef 2 ) + (time³ × coef 3 ), where coef 1 = slope of predicted value per 1-minute time increment, coef 2 = additive change of predicted value in dependence on squared time (minute²), and coef 3 = additive change of predicted value in dependence on cubed time (minute³). Abbreviations: LMM, linear mixed model; D, luminal diameter; psBFV, peak systolic blood-flow velocity; edBFV, end-diastolic blood-flow velocity; VFave, average volumetric flow.
between bolus 1 and 3 were visible 15 seconds after bolus injection in edBFV. There were also several significances at separate time points between the bolus injections in psBFV. Tables 4-6 show data recorded after the first, second, and third propofol bolus injections. MAP significantly and transiently decreased at 15 seconds after each propofol injection. After this rapid decrease, MAP immediately started to increase significantly compared to baseline value. HR increased significantly and transiently at the 0.25-minute time point after bolus injections 2 and 3. Furthermore, SVRI decreased (significantly after the second and third bolus injection) at the 0.25-minute time point, then it increased continuously and significantly until 9-10 minutes after each bolus injection. Pulse-contour CO (PCCO) and SV did not change significantly. Thermodilutional CO (TDCO) significantly decreased after an initial increase (not significant) after bolus injection 1. When data were compared at equivalent time points after the first, second, and third bolus injections (see Tables 4 and 5) , there were no significant differences between the three bolus injections comparing HR, TDCO, PCCO, and SV. Between bolus 1 and 2, as well as between bolus 1 and 3, there occurred a significant difference in MAP 1 minute after bolus injection. The baseline values were significantly different between bolus 2 and 3. Bolus injections 1 and 2 showed significant differences in SVRI at 4, 5, 7, and 9 minutes after injection. Four minutes after bolus injection, there was an additional significant difference between bolus 1 and 3. Values for SpO 2, PetCO 2 , GEDI, dPmax, blood and rectal body temperature were recorded but did not significantly change (data not shown).
Clinical hemodynamic parameters recorded with PiCCO technique
Discussion
Propofol is a well-known anesthetic and often used in bolus injections to induce or prolong anesthesia or to increase anesthetic depth. The purpose of this study was to evaluate the short-term cardiovascular effects of IV propofol bolus injections in pigs using Doppler ultrasonography and the PiCCO technique. Doppler ultrasound is a noninvasive, accurate method that can be used at the CCA for evaluation of blood flow (psBFV, edBFV, mdBFV, V mean ) 17 and vascular diameters. 18, 19 From these parameters, volumetric flow can be derived. Percutaneous ultrasonography has already been studied for its suitability to investigate vascular effects of drugs in several studies 7,20-24 using goats and rabbits. The CCA is an elastictype artery like the aorta and the truncus brachiocephalicus. These blood vessels act like air vessels by retaining the submit your manuscript | www.dovepress.com Notes: Significant differences from baseline (P , 0.05) are presented in bold; a Significant difference between bolus 1 and 2; b significant difference between bolus 1 and 3; **no quadratic time trend obvious by data assessment; ***no cubic time trend obvious by data assessment. Linear mixed model with individual random effects and autoregressive correlation structure, which yielded the following equation: predicted value = intercept + (time × coef 1 ) + (time² × coef 2 ) + (time³ × coef 3 ), where coef 1 = slope of predicted value per 1-minute time increment, coef 2 = additive change of predicted value in dependence on squared time (minute²), and coef 3 = additive change of predicted value in dependence on cubed time (minute³). Abbreviations: LMM, linear mixed model; hR, heart rate; MAP, mean arterial pressure; SVRI, systemic vascular resistance index; TDCO, thermodilutional cardiac output; PCCO, pulse-contour cardiac output; SV, stroke volume.
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pulse-waved blood and transforming the pulsatile blood flow into a continuous blood flow. 25, 26 Ultrasound of the CCA in this study was always performed by the same person so as to avoid variations in the examination technique. The audible and visible signals as well as the Doppler angle of 45°-60° were always comparable between the signal measurements.
Furthermore, the PiCCO technique is a well-accepted method for investigation of cardiovascular hemodynamic and volumetric parameters, including two different analysis methods: pulse-contour analysis and transcardiopulmonal thermodilution [8] [9] [10] [11] for recording of HR, MAP, PCCO, TDCO, SV, and SVRI. Consequently, using these two methods, a detailed investigation of the short-term hemodynamic and volumetric effects of propofol bolus injections in pigs could be performed.
In the current study, a significant decrease of vessel diameter appeared at the CCA at the 0.25-minute after each bolus injection. After bolus 1, there was a 9.2% decrease compared to baseline, after bolus 2 an 11.2% decrease, and bolus 3 a 7.5% decrease compared to basal diameter.
The decrease of the diameter was associated with a significant increase of psBFV, which was already transient at 1 minute after injection. After these acute initial changes, vascular diameter reincreased towards baseline data and psBFV accordingly decreased after each bolus injection. Regarding the volumetric flow in the CCA, only a slight decrease was measured at the 0.25-minute after bolus injections (not significant). Therefore, propofol bolus injections induce a short-lasting decrease of the luminal diameter at the CCA that is not associated with significant changes in volumetric flow. This effect was in accordance to the findings of Nakamura et al 27 and Gacar et al. 28 They assume this effect might be a vasoconstriction mediated through a direct vascular effect of propofol. Nakamura et al 27 studied the effect of propofol on isolated vessels of dogs; Gacar et al 28 used bovine coronary artery rings in their study. Regarding vascular changes at the peripheral distribution area of the CCA, edBFV increased at the 0.25-minute time point after injection, indicating a decrease in peripheral vascular resistance in the distribution area of the CCA. Accordingly, PiCCO measurements showed that SVRI decreased simultaneously at the 0.25-minute time point after injection. SVRI is the systemic vascular resistance (MAPmean right arterial pressure/CO [blood flow in system]) in relation to the body surface area. The measurement of SVRI has been conducted with the pulse-contour analysis already described, which includes a larger distribution area than the CCA has, and moreover measurements were recorded every 12 seconds. In accordance with the recorded decrease in systemic vascular resistance, MAP also significantly decreased at the 0. 25 transient because after this acute change at the 0.25-minute, MAP and SVRI significantly increased compared to baseline data until 10 minutes after bolus injection. The decrease in SVRI combined with a significant decrease in MAP after propofol bolus injection was also observed by Ambros et al, 29 who showed that SVR decreases during propofol anesthesia. They induced and maintained anesthesia with propofol in dogs for 120 minutes. The measurements were recorded after baseline values 5 minutes after induction of anesthesia. They explained this finding as direct venodilatory effects causing a reduction in preload. Blake et al 30 explained the decrease in total peripheral resistance in terms of a reduction of resting constrictor tone. In an experiment with propofol in dogs, Brussel et al 31 recorded a reduction in SVR 1 minute after bolus injection of propofol. They explained this reduction in SVR as a vasodilating effect of propofol on mainly arteries and arterioles rather than on veins. They conducted anesthesia with ketamine and fentanyl and administered one propofol bolus injection after a 3-4 hour stabilization period. Hemodynamic parameters were measured 1, 3, 5, and 10 minutes after administration of propofol. Muzi and Berens 32 assumed in their study in humans that the increased rate of filling of the forearm vein is strong evidence for arterial vasodilation because of the administered propofol for induction and as a continuous infusion. Pagel and Warltier 33 also discovered a decrease in SVR, believing both venous and arterial vessels to be dilated. They studied systemic hemodynamics and myocardial contractility in conscious state and after a bolus of propofol, followed by propofol infusion for 15 minutes at different dosages. However, in the present study, the measured decrease of systemic vascular resistance and MAP after propofol bolus injection was only short-lasting, and both parameters significantly reincreased over baseline data until the end of the investigation period, indicating well-preserved cardiovascular function directly after propofol bolus injection in pigs. Accordingly, HR significantly increased at the 0.25-minute time point after propofol bolus injections 2 and 3. This transient increase of HR was most likely induced by the significant drop in SVRI and MAP and therefore led to unchanged SV and a slight increase of CO (TDCO, PCCO). A possible reason for this short-lasting tachycardia could be a reflectory reaction on decreasing MAP (significant), possibly induced by the reduction of systemic vascular resistance. In contrast to our results, many studies reported decreased HR after propofol anesthesia. 34, 35 Possible reasons are that these studies investigated a longer period of time compared to our study. Accordingly, Ambros et al 29 showed that HR decreased after initiation of anesthesia with propofol in dogs receiving propofol over 120 minutes. Baroreceptors, which constantly monitor blood pressure in the vessel walls, communicate with the cardiovascular control center (CCC), which is located in the medullary region of the brain. Changes in blood pressure affect the frequency of action potentials sent to the CCC from the baroreceptors. The CCC responds to changes in baroreceptor input by initiating compensatory mechanisms that restore blood pressure back to normal. A decrease in blood pressure causes a decrease in action potentials sent to the CCC, which leads to an increase in sympathetic input. This causes reduction of vessel diameter and increased HR and SV, resulting in a rise in blood pressure by increasing total peripheral resistance as well as CO. 36 Propofol does affect the baroreceptor reflex, producing decreasing HR despite lower blood pressure. 30 In our study, we recorded during the acute phase (0.25 minute) a significant drop in MAP while HR significantly increased, which indicates a good persistence of baroreceptor reflex.
SV did not change significantly during the investigated period of 10 minutes. Three different parameters affect stroke volume: preload, afterload, and contractility. Preload -in our study represented as SVV -did not change during the experiment. The afterload, represented in our study by SVRI, decreased significantly at the 0.25-minute time point. At the same time point, HR and consequently CO increased, which leads to the assumption that the contractility of the heart is not negatively affected by the investigated propofol bolus injections. PiCCO also measures the parameters dPmax, GEF, and CFI, which define the contractility of the heart. They did not change significantly; consequently, a change in myocardial contractility during propofol anesthesia can be ruled out according to PiCCO measurement. In contrast to our findings, Brussel et al 31 and Pagel and Warltier 33 supposed a direct negative effect of propofol on the myocardium based on their results of both a decreased cardiac output and decreased MAP. Pagel and Warltier 33 used a sensitive method to evaluate myocardial contractility, which is relatively independent of changes in HR and preload and insensitive to changes in afterload, 37 but their first measurement began at 15 minutes after propofol infusion rate had been started.
There are some limitations to the present study. To assess differences between the value for each time point during the 10-minute time frame after the propofol bolus injection and the baseline value, multiple post hoc Student t-tests for paired samples were used. Because the probability of detecting false-significant differences (differences by chance) increases with the number of tests conducted, adjustment of P-values for the number of comparisons made would have increased the likelihood of a type II error, and a considerably larger sample size would have been necessary to yield sufficient power for a detailed analysis. For that reason, we decided to use nonadjusted P-values as statistical measures of importance, and we consider our results explorative. Because of the intense reaction of the vessels directly after the bolus injection of propofol, the hemodynamic measurement by thermodilution was technically only possible at 1 minute after bolus injection. In between, the continuous pulse-contour values of PiCCO were taken for analysis of data (SVRI, CO, MAP, HR). Gruenewald et al 38 showed that intraabdominal hypertension affects the precise measurement of PiCCO. In a study performed by Piehl et al, 39 rapid changes in blood pressure or intravascular volume led to imprecise values of PiCCO. After recalibration with thermodilution, PiCCO values in both studies were again accurate.
To investigate the baroreceptor reflex, it would have been necessary to do a pressor/depressor test with vasoactive drugs like sodium nitroprussid and phenylephrine. 40 However, with the use of those drugs, the direct visible vascular effect of a propofol bolus investigated by sonography would have been masked.
Additionally, we preliminarily tested the effect of saline bolus injections with vascular ultrasound without a propofol bolus injection and can rule out any influence on our measurements.
Conclusion
In summary, propofol bolus injections immediately (at time point 0.25 minute) caused a significant decrease in vessel diameter at the CCA after each bolus injection. Simultaneously, psBFV, edBFV, and HR significantly increased, while MAP and SVRI significantly decreased. After these acute initial changes, vascular diameter reincreased towards baseline data and psBFV significantly decreased, while MAP and SVRI significantly increased until 10 minutes after bolus injection.
Bolus injections of propofol produced biphasic vascular and hemodynamic changes in pigs. However, these alterations were only associated with minor changes in CO and did not lead to significant changes of volumetric flow, indicating well-preserved function of the cardiovascular system, particularly the baroreceptor reflex, within the first 10 minutes after propofol bolus injection. Moreover, no cumulative effect was evident when comparing the data between the three bolus injections.
Propofol can be used safely in common practice, but should be used carefully in pigs with ventricular dysfunction.
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